A new approach for selective hydroxylation of non-activated cyclohexanes using dioxirane generated in situ in water through supramolecular control has been developed. Using b-CD and g-CD as the supramolecular hosts, selective hydroxylation of cyclohexane substrates, including trans/cis-1,4-, 1,3-and 1,2-dimethylcyclohexanes and trans/cis-decahydronaphthalene, was achieved in up to 54% yield in water.
Introduction
Over the decades, signicant advancements in the research area of C-H bond oxidation have been accomplished using stoichiometric oxidizing reagents, 7,9-11 catalytic transition metal catalysts [12] [13] [14] [15] [16] [17] [18] and biomimetic supramolecular complexes.
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Notably, selective oxidation of non-activated sp 3 C-H bonds of alkanes is a very useful reaction because it offers a strategy with improved atom-and step-economy to transform inert C-H bonds into versatile functionalities for further synthetic elaborations. 6 However, it is regarded as one of the most challenging tasks in organic chemistry as the functionalization of nonactivated C-H bonds generally requires harsh reaction conditions, and the highly reactive oxidizing agents employed exhibit low functional group tolerance. 3, 19, 24 Furthermore, the presence of multiple C-H bonds with similar reactivity in a single molecule renders site-selective oxidation difficult. 24 In the literature, synthetic methods have been developed for selective oxidation of non-activated sp 3 C-H bonds on the basis of electronic, steric, and substrate-based directing effects. [1] [2] [3] [4] [5] [6] [7] [8] However, these approaches are limited by the inherent structural properties of the substrates. For example, less activated aliphatic C-H bonds could be selectively targeted for oxidation using "directing" groups strategically installed in the substrates.
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In view of the signicance of C-H bond functionalization, there remains great interest in developing new strategies for selective sp 3 C-H bond oxidation to target a diverse variety of substrates.
Oxidized cyclohexanes are commonly found in the structural skeletons of natural products such as artemisinin, 19 taxanes, 26 terpenes, 27,28 and steroids. 29 Thus, selective oxidation of cycloalkanes would be an appealing reaction for efficient synthesis of these structurally diverse oxidized cyclohexane-containing organic molecules.
Supramolecular host-guest chemistry provides promising approaches for achieving selectivity enhancement in a wide range of organic reactions. [30] [31] [32] [33] Generally, supramolecular hosts are able to preferentially position the target sites of the substrates in proximity to the reaction centre, leading to selective organic transformations. On the other hand, access to the non-target sites of the substrates for reaction could be obstructed through inclusion complex formation.
Cyclodextrins (CDs) are amphipathic molecules bearing a hydrophilic exterior surface and a hydrophobic interior cavity (Fig. 1) . Due to the hydrophobic cavity of cyclodextrins and their derivatives, "host-guest" inclusion complex formation with a wide diversity of guest molecules through hydrophobic interactions has been extensively employed in supramolecular catalysis. [34] [35] [36] [37] [38] [39] [40] Breslow reported a pioneering study on selective C-H bond oxidations of steroids using cyclodextrin-attached metalloporphyrins as catalysts. 39, 40 In 2003, we developed a cyclodextrin-ketoester as a supramolecular catalyst for stereoselective alkene epoxidation.
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Then, Bols and co-workers developed cyclodextrin ketones for organic oxidations. [41] [42] [43] [44] [45] In 2012, we studied the site-selective Fig. 1 General structure of cyclodextrins.
oxidation of tertiary C-H bonds of 3,7-dimethyloctyl esters using cyclodextrins as the supramolecular host.
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Because selective C-H bond hydroxylation of cyclohexanes using supramolecular control remains largely unexplored and cyclodextrin-promoted reactions are environmentally friendly using water as the solvent, we aim to realize site-selective oxidation of C-H bonds on cyclohexanes in water using cyclodextrins as supramolecular hosts, which would lead to interesting selectivity. 46 Based on our previous studies on cyclodextrins, 37,38,47 we developed a new approach for site-selective hydroxylation of cyclohexane derivatives through supramolecular control using cyclodextrins as the hosts. The inclusion models of trans-1,4-dimethylhexane (1) and (+)-menthol (9) with b-CD and g-CD as well as the relationship between inclusion models and siteselective C-H bond hydroxylation of 9 have also been investigated. It is noteworthy that b-CD and g-CD could act as reaction vessels such that the C-H bond hydroxylation could be performed in water without using organic solvents.
Results and discussion
The effect of different CDs on C-H bond hydroxylation of cyclohexanes To study the efficiency of different CDs on C-H bond hydroxylation of cyclohexanes, trans-1,4-dimethylcyclohexane (1) was employed as the substrate (Table 1) . Dioxirane generated in situ from 1,1,1-triuoroacetone and Oxone was used as the oxidizing agent. [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] Initially, the reaction was carried out at room temperature by stirring trans-1,4-dimethylcyclohexane (1) (1.0 mmol) with b-CD (1.1 mmol) and 1,1,1-triuoroacetone (1.0 mmol) in water (50 mL) for 1 h, and then 8 portions of a mixture of Oxone (2.5 mmol Â 8) and NaHCO 3 (7.75 mmol Â 8) were added within 7 h (one portion was added per hour). Aer stirring for an additional 16 h, the hydroxylation product 1a was isolated in 12% yield by ash column chromatography (Table 1, entry 1). Using g-CD instead of b-CD as the supramolecular host, 1a was obtained in 32% yield (Table 1 , entry 2). On using a-CD, only a trace amount of 1a was observed by TLC analysis (Table 1, entry 3). A control experiment was performed in water without cyclodextrin, and no hydroxylation product 1a was obtained, probably due to the low solubility of 1 in water (Table 1 , entry 4). 1a was obtained in 16% yield when the reaction was conducted in 1 : 1 CH 3 CN/H 2 O without cyclodextrins as the supramolecular host (Table 1 , entry 5). These results suggest that b-CD and g-CD could enhance the hydroxylation yield by acting as a reaction vessel and maximizing the dispersion of 1 through inclusion complex formation.
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Furthermore, b-CD and g-CD could bind to 1 and dioxirane so as to place the two reactants in close proximity, stabilizing the transition state of the reaction and reducing the activation energy, and thus accelerating the reaction.
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Subsequently, cis-1,4-dimethylcyclohexane (2), trans/cis-1,3-and 1,2-dimethylcyclohexane (3-6), and trans/cis-decahydronaphthalene (7 and 8) were employed as substrates. As shown in Table  2 , dimethylcyclohexanes (1-6) can be oxidized by dioxirane generated in situ through complexation with b-CD or g-CD to give the corresponding hydroxylation products. Notably, cis-1,4-dimethylcyclohexane (2) and trans/cis-1,3-dimethylcyclohexane (3 and 4) gave monohydroxylation and dihydroxylation products ( Table 2 , entries 2-4), while trans/cis-1,2-dimethylcyclohexane (5 and 6) and trans/cis-decahydronaphthalene (7 and 8) gave only monohydroxylation products (Table 2 , entries 5-8). In the presence of b-CD, trans/cis-decahydronaphthalene (7 and 8) did not give monohydroxylation or dihydroxylation products. Good yields (54% and 40%) were achieved when g-CD was used as a supramolecular host. These ndings indicate that b-CD and g-CD could act as reaction vessels through inclusion complexation of hydrophobic cyclohexanes in water. Moreover, these results showed that using g-CD as the supramolecular host gave higher yields than using b-CD as the supramolecular host.
H NMR titration for binding of to b-CD/g-CD
To investigate the effect of the cavity sizes of b-CD and g-CD on C-H bond oxidation of cycloalkanes, we studied the inclusion complex formation between trans-1,4-dimethyl-cyclohexane (1) and b-CD or g-CD by 1 H NMR titration ( Fig. 2 and 3) . 38, [66] [67] [68] [69] [70] The signals of H3 and H5 of b-CD or g-CD were shied signicantly upeld when the amount of 1 increased in the aqueous solution of b-CD or g-CD, while the chemical shis of H2 and H4 remained unchanged. These results indicate that 1 interacts with the hydrogens in the hydrophobic cavities of b-CD and g-CD.
1 H NMR titration curves were obtained by plotting the change in the chemical shi of H3 against the ratio of 1 to b-CD (Fig. 4 ) and the change in the chemical shi of H3 against the ratio of 1 to g-CD (Fig. 5) . The stoichiometry for the inclusion complex formation between b-CD and 1 was 1 : 1, while that of the inclusion complex formation between g-CD and 1 was 1 : 2, as determined by extrapolating the curve.
The effect of CDs on selective C-H bond hydroxylation of mixtures of trans/cis-cycloalkane isomers
As both b-CD and g-CD enhanced the selective C-H bond hydroxylation reactions of trans/cis-1,N-dimethylcyclohexanes in water, it is of interest to study the C-H bond hydroxylation selectivity in a mixture of trans and cis isomers. In this regard, a 1 : 1 mixture of trans-and cis-1,3-dimethylcyclohexane (3 and 4) was chosen to study the effect of CDs on the selectivity of C-H bond hydroxylation of the trans and cis isomers.
As shown in Scheme 1, when a 1 : 1 mixture of trans-and cis-1,3-dimethylcyclohexane (3 and 4) was subjected to the oxidation conditions with b-CD as the supramolecular host, the ratio of the corresponding products 3a and 4a was found to be 1 : 1. This result is consistent with the outcomes of the individual oxidations of trans-and cis-1,3-dimethylcyclohexane (3 and 4) under supramolecular control by b-CD. Using g-CD as the supramolecular host, a 2 : 1 ratio of 3a and 4a was obtained. These nd-ings indicate that g-CD could provide enhanced isomer-selective C-H bond oxidation for 1,3-dimethylcyclohexane (3 and 4). Using g-CD as the supramolecular host, a 1 : 1 mixture of trans-and cis-decahydronaphthalene (7 and 8) was oxidized giving the corresponding products 7a and 8a in a 1 : 3 ratio (Scheme 2). In contrast, the ratio of 7a and 8a was 1 : 1.4, when 7 and 8 were individually oxidized in water with g-CD as the supramolecular host.
The effect of CDs on site-selective C-H bond hydroxylation of (1S,2R,5S)-(+)-menthol (9)
Menthol is an easily accessible chiral monoterpene possessing a cyclohexane skeleton with different types of C-H bonds that is an ideal substrate for studying C-H bond hydroxylation. To investigate the effects of b-CD and g-CD on site-selective C-H bond hydroxylation, (1R,2R,5S)-(+)-menthol (9), which bears three tertiary C-H bonds at C2 0 , C5 0 and C8 0 , was chosen as the substrate. The reaction was carried out at room temperature by stirring 9 (1.0 mmol) with b-CD or g-CD (1.1 mmol) and 1,1,1-triuoroacetone (1.0 mmol) in water (50 mL) for 1 h, and then adding 8 portions of a mixture of Oxone (2.5 mmol Â 8) and NaHCO 3 (7.75 mmol Â 8) within 7 h (one portion was added per hour). Aer stirring for an additional 16 h, products 9a and 9b were isolated by ash column chromatography (Scheme 3).
As shown in Scheme 3, using b-CD as the supramolecular host, the C5 0 -hydroxylated product 9a (10% yield; minor) and the C8 0 -hydroxylated product 9b (32% yield; major) were obtained with 20% conversion. Using g-CD as the supramolecular host, signicantly increased conversion (50%) was achieved, and the product distribution was reversed with respect to 9a (20% yield; major) and 9b (4% yield; minor). In addition, a dihydroxylation product 9c (5% yield) was obtained when g-CD was used.
To understand the different product distributions in the hydroxylation of 9 using b-CD and g-CD as the supramolecular hosts, we studied inclusion complexation between 9 and b-CD or g-CD by 1 H NMR titration. The peaks of H3 and H5 of the CDs showed signicant upeld shis when the amount of 9 increased in the aqueous solution of CDs ( Fig. 6 and 7) . Two 1 H NMR titration curves were plotted based on the change in the chemical shi of H3 against the ratio of 9/b-CD (Fig. 8 ) and 9/g-CD (Fig. 9) . The stoichiometry of the inclusion complex between b-CD and 9 was found to be 1 : 1 and that between g-CD and 9 was 1 : 2, as determined by extrapolating the curves.
Studies on the binding geometry of (+)-menthol (9) with b-CD and g-CD through 2D ROESY experiments
To further investigate the effect of b-CD and g-CD on siteselective C-H bond oxidation of (+)-menthol (9), 2D ROESY experiments were conducted to determine the binding geometry of 9 with b-CD and g-CD.
The 2D ROESY spectrum for the binding between 9 and b-CD showed that 9 has NOE correlation signals with hydrogens H3, H5 and H6 of b-CD (Fig. 10) , which suggested that 9 was located inside the cavity of b-CD. As shown in Fig. 10 possible binding modes involve two molecules of 9 encased in the cavity of g-CD. Therefore, two possible binding modes between g-CD and 9 were proposed: (1) the terminal isopropyl (H9 0 , H10 0 ) of 9 inserted deep into the g-CD cavity with the terminal methyl (H7 0 ) of 9 outside of the cavity and close to the secondary OH-face (Fig. 13 , binding mode C); and (2) the terminal methyl (H7 0 ) of 9 inserted deep into the g-CD cavity with the terminal isopropyl (H9 0 , H10 0 ) of 9 outside of the cavity and close to the primary OH-face (Fig. 13, binding mode D) . The experimental results indicated that binding mode C is the favored binding geometry.
Schematic diagrams for site-selective C-H bond oxidation of 9 with b-CD and g-CD as supramolecular hosts
Based on the binding geometries of 9 to b-CD (Fig. 11) , schematic diagrams for how b-CD affects the site-selectivity of C-H bond hydroxylation were proposed in Fig. 14 . The preferred binding geometry of 9 to b-CD, in which the terminal methyl of 9 is located deep in the cavity of b-CD and the terminal isopropyl of 9 is exposed outside of the cavity, renders the C-H bond at position C8 0 more easily subject to hydroxylation by dioxirane than that at position C5 0 . This leads to site-selectivity in the C-H bond hydroxylation. The proposed schematic diagrams are reasonably consistent with the experimental results (see Scheme 3, 9a/9b ¼ 1 : 3) on the site-selectivity of C-H bond hydroxylation of 9 when using b-CD as the supramolecular host. In contrast, for the binding of 9 to g-CD, the preferred binding geometry is such that the C-H bond at position C5 0 is H NMR titration curve for 9 and g-CD. more easily approached by dioxirane than that at position C8 0 , which gives 9a as the major product (Fig. 15) . Thus, the binding geometries of 9 to g-CD and steric hindrance lead to high siteselectivity in the C-H bond hydroxylation of 9 (9a : 9b ¼ 5 : 1).
Conclusions
In summary, we have investigated the hydroxylation of various cyclohexanes with dioxirane generated in situ through supramolecular control using b-CD and g-CD as the hosts. The results indicated that CDs could act as reaction vessels for hydroxylation reactions performed in water without the use of organic solvents. The stoichiometries of inclusion complexation between b-CD or g-CD and cyclohexanes were determined by 1 H NMR titration. The effect of b-CD and g-CD as supramolecular hosts on chemoselective C-H bond hydroxylation of trans and cis isomers of disubstituted cyclohexanes was investigated. Site-selective C-H bond hydroxylation of (+)-menthol (9) was achieved through inclusion complex formation with b-CD and g-CD in water.
